The in uence of calcium nitrite corrosion inhibitor on the durability of Portland cement mortars against sulphate solutions was investigated experimentally in the present research. For this reason, mortar specimens were produced using CEM I 42.5N cement and were immersed in different sulphate and sulphate-chloride contaminated solutions. Sulphate resistance was evaluated according to the procedure described in ASTM C1012. The properties measured were the specimens' expansion, development of compressive strength, changes in corrosion potential and corrosion current density measurements of steel-containing specimens.
Introduction
The corrosion of steel in concrete is the main factor reducing the service life of reinforced concrete structures. A number of corrosion protection systems such as corrosion inhibitors, epoxy-coated reinforcing steel, stainless steel rebar materials, surface impregnation of concrete and cathodic protection are marketed to inhibit the susceptibility of steel to corrosion in reinforced concrete structures. Among the corrosion protection systems, the use of corrosion inhibitors as concrete admixtures is a very popular, easy to implement, and relatively economical to apply.
An ideal corrosion inhibitor has been de® ned as ª a chemical compound, which, when added in adequate amounts to concrete, can prevent corrosion of embedded steel and has no adverse effect on the properties of concreteº (Hope and Ip, 1987) . Corrosion inhibitors can be divided into two main categories in respect of their chemical composition: organic and inorganic inhibitors. Calcium nitrite is the inorganic solution that is used extensively as a corrosion-inhibitive admixture in concrete (Page et al., 2000) , and its effectiveness has been proved in laboratory as well as in real conditions.
Recent research (Zongjin et al., 2000) indicated that the addition of calcium nitrite decreases the resistance of concrete mixtures against solutions of sodium sulphate. Such a noti® cation is of great concern, as it effectively limits the use of this speci® c corrosion inhibitor. On the other hand, the durability of existing calcium nitrite containing concrete structures, which are attacked by sulphate solutions, also should be taken into consideration.
The main target of this research was to investigate the durability of calcium nitritecontaining Portland cements against sulphate solutions. Portland cement mortar mixtures were manufactured and immersed in several solutions that had been prepared with sodium sulphate, magnesium sulphate and combination of sodium plus magnesium sulphate salts. Chloride solutions containing the same amount of sulphates as above were also used to examine the in¯uence of chlorides on sulphate resistance.
Experimental programme
All mixtures were produced according to DIN 1164 using EN-196-1 standard sand. The water/cementitous material ratio was equal to 0.50 for each mixture. Calcium nitrite was added at a dosage of 20l/m 3 . The inhibitor used was in the form of an aqueous solution containing 30 per cent Ca(NO 2 ) 2 . In this case, the mixing water was properly adequately reduced to keep the same water-cement ratio. The chemical composition of Portland cement used is presented in Table I , whereas the mixtures' proportion ratios, as well as the concentration of immersion solutions, are presented in Table II . ). The prepared specimens were prisms (40 £ 40 £ 160 mm) that are used for length change measurements according to the procedure described in ASTM C1012-95. Mortar cubes (50 £ 50 £ 50 mm) were also prepared and immersed in the same abovementioned solutions. These specimens were used for compressive strength measurements at several ages up to 1 year. All specimens were immersed in the aggressive solutions after their compressive strength, measured on the 50 mm cubes, was at least 20 MPA. The samples were immersed 1 day after their preparation. The in¯uence of the aggressive solutions on the corrosion of reinforcing steel was monitored by electrochemical measurements performed on cylindrical (40 £ 100 mm) mortar specimens. A 10 mm diameter steel rebar of S500s type was axially embedded in each cylinder and the reinforced specimens were immersed in the aggressive solutions up to their mid-height, as shown in Figure 1 . The durability of the mortars in various solutions was evaluated by monitoring the half-cell potential of steel rebars, by potentiodynamic polarisation measurements and by electrochemical impedance spectroscopy (EIS). The corrosion potential of specimens that were partially immersed in the various solutions was measured according to ASTM C876-87, using a saturated calomel electrode (SCE) as reference electrode.
The electrochemical cell for potentiodynamic polarisation measurements consisted of the mortar specimen, which was immersed completely in various solutions, thus having an exposed surface area equal to 29 cm 2 . The reference electrode was a SCE, while the auxiliary electrode was two cylindrical graphite rods. All measurements were carried out at ambient temperature with the electrolyte in contact with air. Before each measurement, the specimen was kept at open circuit and until the stabilisation of the potential at a value referred to as the corrosion potential, E corr . Potentiodynamic scans were performed using the 262A EG&G potentiostat/galvanostat; the scan rate was 0.1 mV/s at a potential range of ± 20 mV from E corr (linear polarisation method). The results were analysed by means of 352 SoftCorr III software.
Length change measurements up to the age of 1 year are shown in Figures 2-5, and the ® nal expansions are presented in Table III. Compressive strength reduction at the age of 1 year, as well as the corrosion potential and estimated corrosion rate at the same age, are presented in Table III . Length change, compressive strength and corrosion measurements at each age were the mean value of tests performed on three, two and three specimens, respectively. 
Results

Length change
The development of changes in length is shown for all specimens in Figures 2-5. The degree of the overall expansion at the age of 360 days (1 year) is also presented in Table III .
It is clear that all of the specimens prepared without corrosion inhibitor and immersed in sulphate solutions exhibited expansions of less than 0.10 per cent at the age of 1 year irrespective of the cation (Na + or Mg ++ ) of the salt.
The presence of chlorides differentiated the results. The expansions of mortars immersed in combined solutions of Na 2 SO 4 and NaCl were slightly greater at the age of 1 year, but still met the limits for high sulphate resistance. By contrast, in mortars immersed in solutions with chlorides and sulphates that originated from MgSO 4 or mixed Na 2 SO 4 +MgSO 4 salts; the 1 year expansion was dramatically increased.
The in¯uence of calcium nitrite inhibitor on the sulphate resistance of mortars immersed in different sulphate solutions is shown in Figures 2  and 4 . Values of length change are slightly increased in all cases, with the exception of the mixed chloride and sulphate solution 16, that remain the same.
Compressive strength
Compressive strength variations at the age of 1 year are presented in Table III for all the mixtures. The compressive strength of all of the specimens immersed in severe solutions was compared with that of one specimen that had been cured in the curing room. It was observed that the compressive strength had increased in mortars without CNI that were immersed in sodium sulphate solution. By contrast, compressive strength was reduced in the other two sulphate-immersed mortars without CNI. The reductions ranged from 5.57 per cent (mixture 4) to 9 per cent (mixture 3). 
Corrosion resistance
Changes in the corrosion potential, corrosion current and corrosion rate of embedded steel, at the age of 1 year, are presented in Table III . The corrosion current density of all mixtures is also shown in Figure 6 . It is evident that embedded steel was not corroded at any specimens immersed in sulphate solutions alone, whereas specimens immersed in chloride-plus-sulphate contaminated solutions exhibited higher corrosion rates. Only the conjoint presence of sodium chloride and sodium sulphate led to a signi® cantly low rate of corrosion of the embedded steel.
The total chloride ratio and chloride to nitrite ratio were measured at a depth of 20 mm in specimens immersed for 1 year in sodium chloride and in sodium chloride plus sulphates solutions (Figure 7(a) and (b) .
Chloride concentrations measured on specimens immersed in sodium chloride plus sodium sulphate solutions were slightly lower than those measured on specimens immersed in clear sodium chloride solution. An increase in the concentration of total chlorides was measured on specimens that were immersed in chloride plus magnesium sulphate-containing solution. In all cases, in the presence of the corrosion inhibitor the total chloride content was somewhat higher. Similar differences were observed in the measurement of the Cl 2 /NO 2 2 ratio. This ratio was comparatively lower on specimens immersed in sodium chloride plus sodium sulphate solution, and was higher on specimens immersed in sodium chloride plus magnesium sulphate solutions. 
Discussion
The length change measurements of all the mixtures examined in this study revealed an overall increase. The observed expansions of less than 0.10 per cent for the specimens immersed in sulphate solutions were regardless of the cation (Na + or Mg ++ ) of the salt. It has been reported (Shashiprakash and Thomas, 2001 ) that an expansion value of 0.10 per cent at the age of 1 year is the speci® ed limit value between high sulphate resistant and moderate sulphate resistant mixtures.
Only the expansions of mortars immersed in combined solutions of Na 2 SO 4 and NaCl were slightly greater at the age of 1 year. The combination of chlorides and Mg ++ -originated sulphates turned the sulphate resistance of the mortars from high to moderate (Figure 4 and Table III) . Al-Amoudi et al. (1994a, b) reported that the concomitant presence of chlorides and sodium sulphate-originated sulphates was able to mitigate sulphate deterioration because of the elimination or reduction of gypsum formation. By contrast, attack based on the magnesium mechanism continued unhampered in chloridemagnesium sulphate-originated sulphate solutions. This was not con® rmed completely during the present research, as the presence of chlorides accelerated sulphate deterioration all in the cases studied.
Furthermore, it seems that the addition of CNI increased the expansion of mortars irrespective of the salts used for the preparation of the immersion solutions. Such a trend was also observed elsewhere (Zongjin et al., 2000) and attributed to the higher Ca(OH) 2 content of CNI-containing specimens. However, it should be noted that CNI-containing specimens still met the limits for high sulphate resistance (Table III) .
Corrosion inhibitors have been developed for use in chloride-contaminated environments and the sulphate resistance of inhibitor-containing mixtures in the absence of chlorides therefore is considered meaningless. The presence of chlorides differentiated the expansion of CNIcontaining mortars (mixtures 13-16), as was the case of mortars without CNI (mixtures 5-8). Expansion of mixture 14 (immersed in chloride and sodium sulphate-originated sulphate solution) was almost the same and still met the limits for high sulphate resistance. When sulphates originated from magnesium sulphate salt, the expansion at the age of 1 year was signi® cantly greater and led to the characterisation of mortars 15 and 16 as being only moderately sulphate-resistant. In this case, it should be noted that expansion measurements should be considered, as the specimens were slightly damaged at the ends and adhesion between studs and mortar had been reduced after the age of approximately 8 months. Similar problems also were reported by other researchers (Al-Amoudi, 1995) .
The compressive strength measurements showed an increase only in mixture 2 and a decrease in all other mixtures. The observed increase in the compressive strength in mortars without CNI immersed in sodium sulphate solution was attributed to the pores ® lling with crystal salts, which are the products of sulphate attack caused by sodium sulphate. This means that in these cases, service life when under deterioration owing to sulphate attack was very much prolonged, since the phenomenon was still in the ® rst stage (Brown, 1981) . As a compressive strength reduction of 30 per cent at the age of 1 year is normally considered as the threshold value (Al-Amoudi, 1995), all mortars immersed in sulphate solutions were considered as sulphate resistant, irrespective of the cation of the salts.
The presence of chlorides differentiated the results once again. It appears therefore that the sulphate resistance of the mortars was further reduced in chloride and sulphates solutions. Although the strength reduction in mixture 6 was only 9.30 per cent, thereby characterising the mixture as being sulphate-resistant, the presence of chlorides resulted in a strength decrease of 30.41 per cent. This is the actual difference between the compressive strength of mixture 2 (immersed in sodium sulphate solution) and mixture 6 (immersed in chloride and sodium sulphate solution). The in¯uence of inhibitor additions was negative in most of the cases investigated in the present investigation. It seems therefore that mixtures immersed in magnesium sulphate solutions failed to meet the limit for sulphate resistance.
As in the case of mortars containing no inhibitors, compressive strength was further reduced when chlorides were added in the immersion solutions. The highest reduction was observed in mixtures 15 and 16 (immersed in magnesium sulphate origin sulphate solutions) and led to their characterisation as mortars with low sulphate resistance. By contrast, the low strength reduction measured samples immersed in sodium chloride plus sodium sulphate solution enabled its characterisation as sulphate-resistant.
The measurements of the corrosion potential and the corrosion current density of the embedded steel showed that the steel was not corroded at any specimens immersed in sulphate solutions alone. Al-Amoudi (1995) also observed that no corrosion was initiated on the steel in specimens that had been immersed in mixed sodium and magnesium sulphate solutions. On the contrary, in this work, the presence of sulphates was consistently detrimental in chloride-contaminating solutions. This observation is in accordance with the ® ndings of Al-Amoudi and Maslehuddin (1993), Al-Amoudi et al. (1994a, b) , and Dehwah et al. (2002) , who also examined the corrosion of embedded steel in different chloride plus sulphate contaminated solutions. The simultaneous presence of chlorides and magnesium sulphate-originated sulphates resulted in the highest corrosion rate observed in this research, i.e. almost twice of that specimens that had been immersed in sodium chloride solutions alone with the same chloride concentration. The corrosion rate of mixture 8 (immersed in chloride plus sodium and magnesium sulphate solution) was also very high, but not so high as that of mixture 7 in which the sulphates originated from magnesium sulphate only. Dehwah et al. (2002) , also concluded that the simultaneous presence of chlorides and high concentration of magnesium sulphate resulted in high I corr values. This was attributed to:
. the increased concentration of free chloride ions in the pore; and . the decreased electrical resistivity of mortar Both properties being due to the concurrent presence of chloride and sulphate ions.
However, since the corrosion of steel reinforcement depends on the Cl 2 /OH 2 ratio, it is not only the Cl 2 concentration that should be considered, but also the OH 2 concentration. Dehwah et al. (2003) , reported that the OH 2 concentration measured in the pore solution extracted from specimens prepared with the addition of sodium chloride and sodium sulphate salts had increased. Thus, the Cl 2 /OH 2 ratio of the pore solution of specimens of mixture 6 (sodium chloride and sodium sulphate solution) should be decreased. The researchers also reported that the OH 2 concentration measured on the pore solution extracted from specimens prepared with the addition of sodium chloride plus magnesium sulphate was more or less similar to one of the specimens admixed with sodium chloride only. As the Cl 2 concentration measured on specimens of mixture 7 was found to increase (Figure 7(a) ), the Cl 2 /OH 2 ratio therefore should also increase.
The addition of Cni offered signi® cant protection to the embedded steel, even after 1 year of immersion in different aggressive solutions. The conjoint presence of chlorides and sulphates also resulted in an increase in the corrosion rate of the embedded steel, in a way similar to the above-mentioned in mortars without inhibitor. The highest corrosion rate also was measured on specimens that were immersed in solution containing sodium chloride and magnesium sulphate. The corrosion rate of rebar in mixture 15 was 76 per cent greater than was the corrosion rate of steel in mixture 13 (immersed in NaCl solution), whereas the corrosion rates of rebar in mixtures 7 (immersed in NaCl + MgSO4) and 8 (immersed in NaCl + Na 2 SO 4 + MgSO 4 ) were 85.2 and 27.5 per cent respectively, higher than the rate in mixture 5 (immersed in NaCl solution).
Additionally, corrosion of steel reinforcement depends not only on the Cl 2 /OH 2 ratio, but also on the Cl 2 /NO 2 2 ratio. Gianetti (1998) , suggested a maximum total chloride to nitrite ratio of 1.2-1.5 to ensure inhibition of steel corrosion. This is four to nine times lower than the values reported in this research. Of course corrosion initiated in calcium nitrite containing mixtures, but it was found that suf® cient inhibition was still available. The Cl 2 /NO 2 2 ratio was comparatively lower on specimens immersed in sodium chloride plus sodium sulphate solution, and was higher on specimens immersed in sodium chloride plus magnesium sulphate solution. The lower Cl 2 /NO 2 2 ratio, in combination with the lower Cl 2 /OH 2 ratio mentioned above, is the reason for the lower corrosion rate measured on the embedded steel of mixture 14 specimens. On the other hand, the highest corrosion rate was measured on steel embedded on specimens of mixture 15. However, this was 47 per cent lower the rate monitored on samples containing no CNI that were immersed in the same solution. It seems therefore that CNI still offered better protection to the embedded steel reinforcement, in spite of the fact that the surrounding mortar suffered extended deterioration.
Conclusions
According to the ® ndings of this research, the sulphate resistance of Portland cement mortars was reduced consistently when chlorides were present in the immersion solutions.
Addition of CNI reduced the sulphate resistance of the mortars, especially when the sulphate ions were originated partially or totally from magnesium sulphate. Mixtures containing CNI, and immersed in such solutions, met the length-change threshold value, but failed to meet the compressive strength reduction limit as well.
The sulphate resistance of Portland cement mortars was further reduced when chlorides were present in the solution in both CNI and non-CNI-containing mixtures. Their in¯uence was less on mixtures that had been immersed in sodium sulphate originated sulphate solution, and was signi® cantly higher in samples that were immersed in magnesium sulphate-containing solutions. The addition of CNI did not affect seriously the sulphate resistance of mortars immersed in sodium chloride plus sodium sulphate solution, but it weakened the resistance of mortars immersed in magnesium containing solutions. However, in no case did it change the resistance category of the specimens. Severe corrosion also was initiated in specimens immersed in chloride plus magnesium contaminating solutions, though this was comparatively smaller in CNI-containing specimens. It seems therefore that protection through coatings will be con® rmed in due course as being the best approach to prevent corrosion in reinforced concrete structures that are in contact with soils or solutions rich in chlorides and magnesium sulphate salts. However, it was con® rmed that CNI may be used in reinforced concrete elements that are attacked by sodium chloride plus sodium sulphate solutions without additional problems.
The work also indicates that, in concrete with a higher volume-to-surface ratio, increased cover, and lower w/cm values, CNI would have little effect on sulphate attack in most maritime or de-icing salt environments. Further research will be necessary to understand better the way in which CNI in¯uences the sulphate resistance of Portland cement mixtures.
